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Conclusions
Catalytic hydrogenation of the unsaturated fatty acyl residues of the lipids of sarcoplasmic reticulum to the extent of about 25% does not affect Cat+-activated ATPase activity and the process therefore is unlikely to markedly affect membrane fluidity. Since it is mainly the polyunsaturated fatty acids that are hydrogenated it may be concluded that such residues are not directly responsible for maintaining the membrane in a condition of fluidity that would affect Ca2+-dependent ATPase activities at physiological temperatures. The presence of cholesterol and rigid protein molecules in the hydrocarbon region are likely to have much greater influence on membrane fluidity in biological membranes.
We may also conclude from this work that although membrane fluidity affects the activity of Ca2+-dependent ATPase of sarcoplasmic reticulum the temperatures at which discontinuities in Arrhenius plots are observed are unrelated to membrane fluidity. The possibility that temperature-dependent changes occur in the protein is clearly indicated from recent studies of the rotational motion of Ca2+-activated ATPase in native membranes (Hoffmann el al., 1979) . specificity for the type of phospholipid involved. Of the several possible approaches to study this problem the use of phospholipid-converting enzymes is a gentle tool, which in combination with other approaches, can supply important information.
7)ps of enzymes used
Nearly all phospholipid-converting enzymes used in these studies are phospholipases, but some other phospholipidconverting enzymes can be used to study the problem of specificity of a particular phospholipid class for a given enzyme.
Phospholipase A removes a fatty acid residue from a phospholipid molecule, yielding an unesterified fatty acid and a lysophospholipid. In most cases a phospholipase A, has been used, which removes a fatty acid from position-2 of the glycerol moiety. Purified enzyme from snake venom (Wells & Hanahan, 1969) and from porcine pancreas (De Haas et al., 1968) can be used. It attacks most of the phospholipids occurring in mammalian membranes, except sphingomyelin. A disadvantage of the use of phospholipase A is that the resulting lysophospholipids have detergent properties. They can, however, be removed from the preparation by treatment with serum albumin.
Phospholipase C splits phospholipids into a phosphoryl ester and a diacylglycerol,. The latter remains in the membrane, whereas the phosphoryl ester dissolves in the aqueous medium. The diacylglycerols can be removed from the membrane preparation by extracting them after freeze-drying with a mild organic solvent like hexane. Phospholipases C of bacterial origin have mostly been used, each of which has its particular specificity. The enzyme from Clostridium perfringens (Yamakawa & Ohsaka, 1977) is able to split phosphatidylcholine and, in membrane preparations, also phosphatidylethanolamine, and to a smaller extent sphingomyelin, whereas it does not attack the acidic phospholipids. The enzyme from Bacillus cereus (Zwaal et al., 1971) also hydrolyses phosphatidylcholine and phosphatidylethanolamine, but not sphingomyelin. It attacks in addition phosphatidylserine, but at a lower rate. A phospholipase C with absolute specificity for phosphatidylinositol has been purified from the culture medium of 585th MEETING, GUILDFORD
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Staphylococcus aureus (Low & Finean, 1977) and B. cereus (Ikezawa et al., 1976) . Sphingomyelinase, which has been prepared from various sources (Brockerhoff & Jensen, 1974) , can be considered as a phospholipase C with specificity for sphingomyelin, and it can thus be used for a study of the role of this phospholipid.
Phospholipase D converts phospholipids into phosphatidic acid and a water-soluble base (Heller, 1978) . Hence, it confers a more negative charge on the phospholipids. The enzyme can be obtained from plant material, like cabbage and peanuts. These phospholipases do not show much specificity for the kind of phospholipids they attack. In principle they can also be used as exchange enzymes, since, in the presence of excess serine or ethanolamine, phospholipase D catalyses the conversion of the parent phospholipid into phosphatidylserine or phosphatidylethanolamine. This property of the enzyme has not yet been utilized in studying the phospholipid dependence of membranebound enzymes.
Phosphatidylserine decarboxylase converts phosphatidylserine into phosphatidylethanolamine. This enzyme can be purified from Escherichia coli after solubilization with Triton X-100 (Dowham et al., 1974) , but a disadvantage is its absolute requirement for Triton X-100 (Warner & Dennis, 1975) , which limits its use for the study of membrane-bound enzymes.
A phospholipid base-exchange enzyme, specific for serine, has been partially purified from rat brain and has been separated from ethanolamine and choline exchange activity (Taki & Kanfer, 1978) . The enzyme has a preference for L-serine and phosphatidylethanolamine as substrates. This and other phospholipid base-exchange enzymes could be valuable tools for the study of the importance of specific phospholipids for membrane-bound enzymes.
Another possibility is the use of the enzymes which catalyse the N-methylation of phosphatidylethanoline, leading to the formation of phosphatidylethanolamine (Hirata et al., 1978;  Hirata & Axelrod, 1978) . This reaction is catalysed by two enzymes, which have not so far been used for studies of the specificity of particular phospholipids for enzyme activity.
With the exception of phospholipase A, all these enzymes can change the polar headgroup composition of phospholipids in biological membranes. A change in the fatty acid composition of phospholipids can be achieved by the use of an acyltransferase after treatment with phospholipase A, or A, (Van den Bosch, 1974). Alternatively, the phospholipid exchange proteins (Wirtz, 1974) , which are able to exchange whole phospholipid molecules, would offer another possibility for changing the fatty acid composition of the membrane lipids without changing the polar headgroups (De Kruijff & Wirtz, 1977) .
So the use of phospholipid-converting enzymes has so far been restricted to a number of phospholipases and phosphatidylserine decarboxylase. In many of these studies no careful analysis of the change in phospholipid composition has been made, which seriously limits the value of these studies. For a number of membrane-bound enzymes and functionally important membrane proteins significant information has been obtained with these enzymes. Three examples of these will be discussed, i.e. adenylate cyclase, (Na+ + K+)-activated ATPase and rhodopsin.
Adenylafe cyclase
Adenylate cyclase is the enzyme system which converts ATP into cyclic AMP, the second messenger in the cellular expression of the action of many peptide hormones. The catalytic entity of the enzyme system which is located at the cytoplasmic surface of the membrane can be activated by tissue-specific hormone receptors, which are separate entities probably located at the external surface of the cell membrane. Orly & Schramm (1976) have shown by fusion experiments that the hormone receptor can be transferred from one cell to another, which indicates that the two entities are not covalently bound. This explains why after solubilization of adenylate cyclase by detergents the hormone sensitivity of the enzyme has been lost, but not the basal activity and the fluoride-stimulated activity (fluoride is a non-physiological activator of the catalytic entity). It is therefore likely that membrane phospholipids are in some way involved in the coupling process between hormone receptor and catalytic entity.
Several investigators have treated adenylate cyclase from various sources with different phospholipases. There is general agreement that the hormone-stimulated activity is more reduced than the basal or fluoride-stimulated activities (Lefkowitz el al.,   1976) . Moreover, the hormone sensitivity can at least be partially restored by addition of phospholipids. In some cases phosphatidylserine is a better activator than phosphatidylethanolamine or phosphatidylcholine, but for other cyclases there is not much specificity. Kempen ef al. (1974) found that in rat pancreas (which contains high phospholipase activity) the stimulation of adenylate cyclase by pancreozymin, and to a lesser extent also the stimulation by secretin, is markedly reduced by merely incubating the enzyme preparation for 30min at OOC. The hormone activity can be restored by addition of either phosphatidylcholine, phosphatidylethanolamine or phosphatidylserine to the assay medium. These studies indicate that phospholipids are in some way involved in the coupling between hormone receptor and catalytic entity, possibly by permitting the lateral movement of the two entities in the plane of the membrane (Levitzki & Helmreich, 1979) .
Incubation with phospholipase A, or C also leads to a loss in hormone binding, both for the adrenaline-sensitive frog erythrocyte adenylate cyclase (Limbird & Lefkowitz, 1976) and for the glucagon-sensitive enzyme from rat liver (Lad ef al., 1979) . The former authors report a loss in the number of receptors without change in receptor affinity, whereas the latter authors find the opposite effect. The loss in coupling of the enzyme to the hormone receptor is not due to loss of hormone binding, since filipin (a polyene antibiotic which reacts with hydrophobic regions in membranes) reduces the hormone sensitivity in both systems without effect on the hormone binding (Limbird & Lefkowitz, 1976; Lad et al., 1979) . The reduction in the rat liver system by phospholipase A, is not due to its reaction products, since extraction with serum albumin does not enhance the activity, neither has addition of lysophospholipids any effect on the enzyme activity. The detailed role of the phospholipids in this complex enzyme system has thus not yet been solved, mainly because so many details of the enzyme system itself are not yet understood.
(Nu+ + K+)-activated ATPase
This enzyme, which is the Na+-pump system of most animal cells, also requires phospholipids for its activity, since delipidation of the membrane preparation by detergents, organic solvents or phospholipases inactivates the enzyme. Reconstitution with phospholipids leads to reactivation, especially with phosphatidylserine (Wheeler & Whittam, 1970;  Kimmelberg & Papahadjopoulos, 1972) . The special effect of the latter phospholipid, observed by some investigators, has led to the conclusion that it is essential for activity and that the transport system would consist of a complex of (Na+ + K+)-activated ATPase and phosphatidylserine (Wheeler & Whittam, 1970) .
The weakness of the delipidation-reconstitution approach is that the enzyme molecule may be altered during delipidation, as we have shown in the case of the visual pigment rhodopsin (see below). Therefore, conversion of phosphatidylserine into phosphatidylethanolamine by means of phosphatidylserine decarboxylase has been applied by us (De Pont ef al., 1973) .
After complete conversion no loss of (Na+ + K+)-activated ATPase activity is observed, which rules out a specific requirement for phosphatidylserine. Treatment with phosphatidylinositol-specific phospholipase C has shown that there is no specific requirement for phosphatidylinositol either and thus no specific Vol. 8 role of acidic phospholipids in (Na+ + K+)-activated ATPase function (De Pont et al., 1978) . Lowering the total phospholipid complement of 270mol/mol of enzyme to less than 90 by treatment with a non-specific phospholipase C begins to decrease the enzyme activity. It may be that the phospholipids are required lose the flexibility needed for the metarhodopsin I + I1 transition (which is also blocked by the cross-linking reagent glutaraldehyde).
Conclusion
for a proper interaction of the two 10000-mol.wt. catalytic subunits of the enzyme, the interaction of which appears to be necessary for activity of the enzyme (De Pont & Bonting, 1977) .
In contrast with (Ca2+ + Mg2+)-dependent ATPase, where a rather tightly held lipid annulus of 30 mol of phospholipid/mol of enzyme is required for activity (Warren et al., 1975) , the (Na+ + K+)-dependent ATPase system seems to need a larger and more loosely held cloud of phospholipids around the enzyme molecule. This is confirmed by a comparison of, the Arrhenius plots of the two enzymes.
R hodopsin
The photoreceptor membrane of vertebrate rod cells affords an interesting opportunity for the study of lipid-protein interactions. The visual pigment rhodopsin, which consists of the glycoprotein opsin and the chromophoric group 1 l-cisretinaldehyde, is the dominant membrane protein (approx. 90% of the total membrane protein). Its characteristic spectral and photolytic behaviour can be utilized to detect subtle changes in the rhodopsin molecule.
Its absorption spectrum with the typical 500nm peak indicates the integrity of the chromophore-opsin interaction. The thermal stability of the 500nm absorbance is indicative of the conformational state of the molecule in and beyond the chromophoric centre. The photolytic sequence of the metarhodopsin I -+I1 -111 transitions is also sensitive to the conformational state of the opsin molecule after the light-induced chromophore isomerization. The regenerability of rhodopsin, i.e. the extent to which rhodopsin can be formed on incubation of the bleached pigment with excess 1 1-cis-retinaldehyde, indicates the accessibility and intactness of the chromophore-binding site.
Treatment of isolated photoreceptor membranes with phospholipase C (B. cereus) hydrolyses up to 90% of all phospholipids (Borggreven et al., 1971 (Borggreven et al., , 1972 . The resulting diacylglycerols coalesce into lipid droplets, while two-dimensional membranous structures remain (Olive et al., 1978) . The rhodopsin molecules thus appear to undergo lateral aggregation, as also indicated by frequent cross-fracturing of the membranes upon freeze-fracturing. The effect of this treatment upon the various rhodopsin parameters is as follows (Van Breugel el al., 1978) . There is no change in the 500nm absorbance and the absorption spectrum in general, not even when all phospholipids are removed by means of affinity chromatography on concanavalin A-Sepharose 4B (Van Breugel et al., 1977) . Hence, the integrity of the chromophoric centre is not affected by the lipid environment. The thermal stability and the regenerability are both decreased about equally by phospholipase treatment (90% phospholipid hydrolysis) and by affinity chromatography (complete phospholipid removal). There is also blocking of the photolytic sequence after metarhodopsin I in both cases. These three changes are all completely reversed upon recombination with any lipid able to form stable bilayers, but not by mere addition of lipids without detergent intervention. These findings indicate that rhodopsin must for proper functioning be embedded in a phospholipid bilayer, but that its phospholipid composition is not critical (except for the composition of the metarhodopsin I11 formed after illumination; see Van Breugel et al., 1979) . Lateral aggregation of the rhodopsin molecules upon lipid removal, rather than a conformational change around the chromophoric centre, most easily explains the changes in thermal stability, regenerability and photolytic sequence. Aggregation would shield the opsin molecules from added 1 1-cis--retinaldehyde and make the rhodopsin molecule Treatment with phospholipid-converting enzymes is a useful method to study the importance of the lipid environment for membrane-bound enzymes and other functional membrane proteins. In the three examples discussed here the presence of a phospholipid environment is needed for proper functioning of the protein, but there does not seem to be a specific phospholipid requirement.
